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Uric acid activates aldose reductase and the polyol pathway
for endogenous fructose and fat production causing
development of fatty liver in rats
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Dietary, fructose-containing sugars have been strongly asso-
ciated with the development of nonalcoholic fatty liver disease
(NAFLD). Recent studies suggest that fructose also can be pro-
duced via the polyol pathway in the liver, where it may induce
hepatic fat accumulation. Moreover, fructose metabolism yields
uric acid, which is highly associated with NAFLD. Here, using
biochemical assays, reporter gene expression, and confocal fluo-
rescence microscopy, we investigated whether uric acid regu-
lates aldose reductase, a key enzyme in the polyol pathway. We
evaluated whether soluble uric acid regulates aldose reductase
expression both in cultured hepatocytes (HepG2 cells) and in
the liver of hyperuricemic rats and whether this stimulation is
associated with endogenous fructose production and fat accu-
mulation. Uric acid dose-dependently stimulated aldose reduc-
tase expression in the HepG2 cells, and this stimulation was
associated with endogenous fructose production and triglycer-
ide accumulation. This stimulatory mechanism was mediated by
uric acid—induced oxidative stress and stimulation of the tran-
scription factor nuclear factor of activated T cells 5 (NFATS5).
Uric acid also amplified the effects of elevated glucose levels to
stimulate hepatocyte triglyceride accumulation. Hyperuricemic
rats exhibited elevated hepatic aldose reductase expression,
endogenous fructose accumulation, and fat buildup that was sig-
nificantly reduced by co-administration of the xanthine oxidase
inhibitor allopurinol. These results suggest that uric acid gener-
ated during fructose metabolism may act as a positive feedback
mechanism that stimulates endogenous fructose production by
stimulating aldose reductase in the polyol pathway. Our find-
ings suggest an amplifying mechanism whereby soft drinks rich
in glucose and fructose can induce NAFLD.
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Nonalcoholic fatty liver disease (NAFLD)? has become one of
the most important causes of chronic liver disease and cirrho-
sis. Strong evidence has linked the development of NAFLD with
intake of sugary beverages (1-5), and experimental studies have
shown that sugary beverages can induce fatty liver in humans
(6). Sugar (sucrose) and high-fructose corn syrup are the two
primary sweeteners that have been implicated in causing
NAFLD, and both contain fructose, which is known to induce
fatty liver in animals (7, 8). Our group has shown that the mech-
anism by which fructose induces fatty liver is due to the gener-
ation of uric acid during fructose metabolism that results in
mitochondrial oxidative stress and an impairment in ATP pro-
duction (9, 10). Indeed, hyperuricemia itself is also both highly
associated with hypertriglyceridemia (11) and NAFLD and also
predicts the development of NAFLD (1, 3, 4, 12-14).

Recently we have reported that fructose may not simply
come from the diet but may also be generated in the liver
because of activation of the polyol pathway, which results in the
conversion of glucose to sorbitol by aldose reductase (AR), fol-
lowed by the conversion of sorbitol to fructose by sorbitol de-
hydrogenase (SDH) (15, 16). Normally aldose reductase is min-
imally expressed in the human liver (17, 18). This has also been
shown experimentally in WT mice in which hepatic production
of fructose is minimal (15, 16). However, high-glycemic diets
(glucose-enriched), as well as high-salt diets, can induce the
expression of AR in the liver of mice, resulting in endogenous
fructose production and fructose-dependent development of
NAFLD (15, 16). The importance of this finding is supported by
studies showing that inhibition of AR protects type 2 (db db)
diabetic mice from developing fatty liver (19).

The discovery that the induction of AR by the liver may have
arole in NAFLD emphasizes the need to understand what reg-
ulates AR. One of the key regulators of AR is increased osmo-
lality (20), which is likely involved in how high-glycemic and
high-salt diets act (15, 16). However, aldose reductase in endo-
thelial cells is regulated by uric acid (21). Uric acid is also known
to regulate fructokinase, the key enzyme that metabolizes fruc-
tose in the liver (22).

2The abbreviations used are: NAFLD, nonalcoholic fatty liver disease; AR,
aldose reductase; SDH, sorbitol dehydrogenase; KHK, ketohexokinase;
NFATS5, nuclear factor of activated T cells 5; CREB, cCAMP-responsive ele-
ment-binding protein; ANOVA, analysis of variance; TBARS, thiobarbituric
acid-reactive substances.

SASBMB

© 2019 Sanchez-Lozada et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.


https://orcid.org/0000-0002-1163-1831
mailto:miguel.lanaspagarcia@ucdenver.edu
mailto:miguel.lanaspagarcia@ucdenver.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA118.006158&domain=pdf&date_stamp=2019-1-16

Uric acid and polyol pathway activation in fatty liver

A Uric Acid (mg/dl)
0 4 8 12 12+Prob ) 5
AR | —— m- wm m- |-37kDa 2 & x4
— Q _ 3 34
SDH | e e e R = |'37kDa g: 3 * %
GL 2 2
KHK | T WW We aw W |-37kDa e a2 "
Actin |-— -— — -—_|-42kDa o
AR/Actin
Uric Acid (12 mg/dl)
D U —— E
AR o L37 kDa
ACtin | umemamanananangs 22 0a 2007
ey %k
(=]
Time (hr): 0.53 6 12 24 48 72 £ 1507
g) * %
5 * % %‘ 100- ****
4- *k -
o " %%
g:,: 3 *% 1
2 2 0 .53 612244872
S Time (hr)
a 14 *
0-

B C
51 *% S ET S
4 * % E
*% 4 2
34 34 °
<
2z 2 )
14 14 >
EREERE
- =L (. ] o - 5
SDH/Actin KHK/Actin AR/Actin AR expression (A.U.)
F G Ll
AR | o= 37 kDa
1507 Actin| e 42 kDa
? *%
= 200+ 150+
3 1001 el 00 _
g iy 2 150- £
S 5 S 100
S 507 2 =
£ sl 3
0- 3 g 504
053612244872 8 ., =2 i
. 'S
Time (hr) " o
Uric Acid (12 mg/dl)

Figure 1. Uric acid stimulates aldose reductase and the polyol pathway in human hepatocytes. A, representative Western blotting and densitometry for
AR, SDH, KHK, and actin in HepG2 cells exposed to increasing concentrations of uric acid for 72 h. A subset of cells exposed to 12 mg/dl uric acid was treated
with the uric acid transporter URAT1 inhibitor probenecid (Prob). B, densitometry for AR expression in 12 mg/dl exposed cells in the absence (red) or presence
(orange) of probenecid. C, correlation analysis between intracellular uric acid levels and AR expression in HepG2 cells. D, representative Western blotting and
densitometry for AR and actin in HepG2 cells exposed to 12 mg/dl uric acid for different time points. E, intracellular sorbitol levels in the same groups as in D.
F, intracellular fructose levels in the same groups as in D. G, representative Western blotting for AR in control (black) and silenced (white) HepG2 cells.
Intracellular sorbitol and fructose levels in the same cells exposed to 12 mg/dl uric acid for 72 h. The data represent the results of three independent
experiments. *, p < 0.05; **, p < 0.01 versus control; one-way ANOVA, Tukey post hoc analysis.

Here we tested the hypothesis that uric acid might regulate
AR in the liver, and, in so doing, also regulate fructose genera-
tion and hepatic fat accumulation. We also investigated
whether this involved nuclear factor of activated T cells 5
(NFATS5), a transcription factor well-known to regulate AR
expression and synthesis (23, 24). If uric acid can be shown to
regulate fructose production, then it provides another key link
in understanding why hyperuricemia and sugar intake both
appear to be major risk factors for NAFLD.

Results

Uric acid up-regulates aldose reductase expression and the
polyol pathway in human hepatocytes

Human HepG2 cells were exposed to varying concentrations
of uric acid including 4 (considered normouricemia), 8, and 12
mg/dl (hyperuricemia) for 72 h, and the expression of AR, SDH,
and fructokinase/ketohexokinase (KHK) was analyzed. As
shown in Fig. 14, the expression of AR is up-regulated by uric
acid in a dose-dependent manner. A small although significant
difference in AR expression was already observed between
unexposed and normouricemic levels (4 mg/dl). AR up-regula-
tion was markedly increased with concentrations greater than 8
mg/dl (3.1- and 3.9-fold increase with 8 and 12 mg/dl, respec-
tively; p < 0.01). Consistent with previous reports (22), high
uric acid levels also resulted in the significant up-regulation of
SDH (2.52-fold) and KHK (4.14-fold). Of interest, co-exposure
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of cells with uric acid and probenecid, a uric acid transporter
inhibitor, resulted in the blockade of AR up-regulation, indicat-
ing that intracellular uric acid and not extracellular is driving
AR expression in human hepatocytes (Fig. 1B). Consistently,
AR expression correlated with intracellular uric acid levels as
shown in Fig. 1C. We and others have previously shown that
hypertonicity is an important stimulator of aldose reductase
expression and activation of the polyol pathway (16, 25, 27). In
this regard, the addition of uric acid from 4 to 12 mg/dl did not
substantially raise the osmolality of the medium (289 * 5
mOsm/KgH,O at baseline versus 284 * 4 mOsm/KgH,O (4
mg/dl), 286 £ 6 mOsm/KgH,O (8 mg/dl), and 286 = 7 mOsm/
KgH,O (12 mg/dl)), indicating that the effects of uric acid on
aldose reductase are independent of higher osmolality. To bet-
ter characterize whether AR acts as an early or late response
protein to uric acid, we then determined its expression in a
time-dependent manner. As shown in Fig. 1D, AR expression
starts to increase significantly at 6 h after exposure to uric acid,
suggesting that the activation of the polyol pathway is an early
response to the presence of high uric acid levels. Consistent with
this observation, cellular sorbitol and fructose, intermediate prod-
ucts of the polyol pathway, are significantly up-regulated by uric
acid at 12 and 24 h postexposure, respectively (Fig. 1, E and F). As
expected, increased sorbitol and fructose levels are mediated by
the up-regulation of AR because the levels of these metabolites
were not up-regulated in AR-deficient cells (Fig. 1G).
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Figure 2. Aldose reductase expression in hepatocytes is mediated by the transcription factor NFAT5. A, AR mRNA expression in 12 mg/d| uric acid-
exposed HepG2 cells for different time points. B, representative Western blotting and densitometry for AR and actin in HepG2 cells exposed to 12 mg/dl uric
acid for different time points in the presence or absence of the transcription inhibitor actinomycin D (ActD). C, representative Western blotting and densitom-

etry for NFATS5, CREB (nuclear marker), and tubulin (cytosol marker) in HepG2

cells exposed to 12 mg/d| uric acid for different time points. D, representative

confocal images for NFATS5 (green) and the nucleus marker, 4',6'-diamino-2-phenylindole (DAPI, blue) in HepG2 cells control and exposed to 12 mg/dl uric acid

for 6 h. E, quantification of NFAT5 nucleus/cytosol ratio signal in control and

exposed to 12 mg/dl uric acid for 6 h. F, representative Western blotting and

densitometry for AR, NFAT5, and actin in control (scramble, scr) and NFAT5-silenced (sNF or SNFAT5) HepG2 cells exposed to increasing concentrations of uric
acid for 72 h. The data represent the results of three independent experiments. *, p < 0.05; **, p < 0.01 versus control; one-way ANOVA, Tukey post hoc analysis.

Regulation of aldose reductase by uric acid-dependent
oxidative stress and NFAT5 activation

As shown in Figs. 2 and 3, increased AR protein expression
could be secondary to either increased transcriptional/transla-
tional activity and/or increased half-life (reduced degradation).
As shown in Fig. 24, the elevation of AR mRNA by uric acid 3 h
postexposure precedes the up-regulation of the protein, sug-
gesting that uric acid-dependent AR expression is mediated by
increased transcriptional activity. Consistently, the blockade
of all transcriptional activity with actinomycin D markedly
blunted the up-regulation of AR by uric acid (Fig. 2B). We and
others have previously shown that AR is a target gene of the
transcription factor NFATS5 (24, 25). In this regard, increased
NFATS5 nuclear retention and transcriptional activity results in
the up-regulation of AR and other osmolyte-dependent target
genes (28 -30). Of interest, we found a significant enrichment
of NFATS5 in pure nuclear fractions of HepG2 cells exposed to
uric acid (Fig. 2, C-E). Increased nuclear expression of NFAT5
mediated by uric acid occurs as early as 3 h after exposure,
coinciding with the onset of expression of AR mRNA presented
in Fig. 2A. Furthermore, and consistent with a key role of
NFATS5 in regulating AR expression, AR up-regulation by uric
acid is markedly reduced in NFAT5-deficient cells as shown in
Fig. 2F.

Previous reports demonstrate a critical role for oxidants in
stimulating NFAT5 transcriptional activity (31, 32). In this
regard, uric acid, despite being an important antioxidant in the
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systemic circulation, can also act as a prooxidant molecule
intracellularly (9, 33). Consistently, and as shown in Fig. 34,
uric acid markedly increased intracellular lipid peroxides deter-
mined as TBARS in HepG2 cells in a dose-dependent manner.
Of interest, TBARS were significantly elevated in AR-deficient
cells (Fig. 3B), suggesting that uric acid-mediated AR up-regu-
lation would be an initial response to detoxify lipid peroxides as
suggested by Rittner et al. (34). Therefore, to better determine
whether oxidative stress drives AR promotion by NFATS5, we
developed a luciferase-based system by cloning the human AR
promoter upstream a luciferase expressing cassette. As shown in
Fig. 3C, cells containing the full AR promoter expression cassette
demonstrated a 9.1-fold (pGL3-AR, p < 0.01) increase in lucifer-
ase signal when exposed to uric acid. This signal was mediated by
NFATS5 as deletion of the binding site in the AR promoter (pGL3-
ARATonE) markedly blunted the luciferase signal (2.1-fold
increase). Of interest, luciferase expression signal induced by uric
acid was markedly blocked by the antioxidant molecule, apocynin
(Fig. 3D), thus supporting that NFAT5-dependent activation of
AR is mediated by oxidative stress.

Aldose reductase-mediated endogenous fructose production
induces hepatic fat accumulation

High glucose is known to stimulate AR in the kidney (35-37).
Asshownin Fig. 44, glucose also stimulates AR in human hepa-
tocytes in a dose-dependent manner from 5 mm (normoglyce-
mia) to 25 mMm (hyperglycemia). Of interest, equiosmolar levels

SASBMB
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Figure 3. Uric acid-dependent up-regulation of aldose reductase by NFAT5 is mediated by oxidative stress. A, intracellular TBARS (lipid peroxides) in
HepG2 cells exposed to increasing levels of uric acid. B, intracellular TBARS in HepG2 cells control (scr) or deficient for AR expression (sAR) exposed to 12 mg/dl
of uric acid. G, luciferase signal in HepG2 cells transfected with a luciferase reporter cassette containing a full AR promoter or a truncated version without the
NFATS5 TonE site and exposed to 0 (control) or 12 mg/dl of uric acid for 3 h. D, luciferase signal in same experiment as in C in the presence or absence of the
NADPH oxidase inhibitor apocynin. The data represent the results of three independent experiments. **, p < 0.01 versus control; one-way ANOVA, Tukey post
hoc analysis.
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Figure 4. Up-regulation of AR activates the polyol pathway and induces fat accumulation in HepG2 cells. A, representative Western blotting and
densitometry for AR and actin in HepG2 cells exposed to increased glucose or mannitol (equiosmolar control) concentrations for 72 h. B, medium osmolality of cells
exposed to 5, 12.5, or 25 mm glucose or mannitol. C, intracellular sorbitol levels in HepG2 cells exposed to normal (5 mm) or high (25 mm) glucose levels in control (scr)
and AR-deficient (sAR) cells. D, intracellular fructose levels in the same groups as in B. E, intracellular triglyceride levels in the same groups as in B. F, intracellular TBARS
(lipid peroxides) in HepG2 cells exposed to normal (5 mwm, gray) or high (25 mm, black) glucose in the presence of low (4 mg/dl) or high (12 mg/dl) uric acid. G,
intracellular sorbitol levels in the same groups as in F. H, intracellular fructose levels in the same groups as in F., intracellular triglyceride levels in the same groups as

in F.**, p < 0.01 versus control within the same uric acid; ##, p < 0.01 versus control within the same glucose; one-way ANOVA, Tukey post hoc analysis.

of mannitol failed to up-regulate AR expression, indicating that
glucose-dependent up-regulation of AR is independent of its
osmolar content (Fig. 4, A and B). Consistent with increased AR
expression, intracellular sorbitol and fructose levels are signif-
icantly elevated in cells exposed to high glucose (and not man-
nitol) levels (5.4- and 4.8-fold increase, respectively; p < 0.01;
Fig. 4, Cand D). Importantly, no significant increases in sorbitol
or fructose in high glucose—exposed cells were observed in AR-
deficient cells (Fig. 4, C and D; representative Western blotting
for efficient silencing for AR is shown in Fig. 1G). We previously
reported that increased endogenous fructose production and
metabolism are elements of an important deleterious step in
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the development of fatty liver (15). Consistent with this obser-
vation, intracellular triglycerides were significantly elevated
(3.04-fold increase, p < 0.01) in control but not AR knockout
cells exposed to high glucose levels (Fig. 4E). Furthermore, and
as shown in Fig. 4 (F-I), intracellular oxidative stress as well as
products from the polyol pathway (sorbitol and fructose) and
triglycerides were significantly greater in HepG2 cells exposed
to both high glucose (12.5 and 25 mm) and high uric acid (12
mg/dl) compared with control or cells just exposed to one of
these stimulants (either glucose or uric acid), documenting an
exacerbation of this effect induced by the combination of two
AR activators.
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Figure 5. Activation of the polyol pathway by uric acid induces hepatic fat accumulation in rats. A, plasma uric acid levels in control rats (white) and rats
exposed to the uricase inhibitor, oxonic acid, in the absence (black) and presence of the xanthine oxidase inhibitor, allopurinol (gray). B, intrahepatic levels of
uric acid in the same groups as in A. G, intrahepatic liver oxidized protein levels of in the same groups as in A. D, intrahepatic triglycerides in the same groups
asin A. E, correlation between intracellular uric acid and triglyceride levels in all rats. F, representative Western blotting and densitometry for AR, fructokinase/
KHK, and actin in the same groups as in A. G, intrahepatic sorbitol levels in the same groups as in A. H, intrahepatic fructose levels in the same groups asin A./,
representative Western blotting and densitometry for NFAT5 and the nuclear marker proliferating cell nuclear antigen (PCNA) in the same groups asin A;n =
4-7 rats/group. **, p < 0.01 versus the rest of groups; ##, p < 0.01 versus control one-way ANOVA, Tukey post hoc analysis.

Most mammals, including rats and unlike humans, have low
uric acid levels because of the presence of uricase in the liver.
Therefore, to characterize the role of uric acid in rats, we inhib-
ited uricase with oxonic acid as previously described (38).
Because uricase blockade would not only raise uric acid but also
other upstream purines like xanthine, hypoxanthine and inos-
ine, a subset of animals were treated with allopurinol to inhibit
xanthine oxidase and thus the production of uric acid. As
shown in Fig. 5 (A and B), administration of oxonic acid
resulted in a significant increase in both plasma and liver uric
acid levels. Uric acid up-regulation was markedly reduced by
co-administration of allopurinol. In the liver, uric acid levels
were associated and correlated with oxidative stress (lipid per-
oxides) and intrahepatic triglyceride concentrations (Fig. 5,
C-E). Furthermore, and as shown in Fig. 5 (F-H), elevated
hepatic uric acid induced the up-regulation of AR and KHK in
rats as well as the increase in intrahepatic sorbitol and fructose
levels, thus documenting the activation of the polyol pathway in
vivo. Consistently, we found increased NFATS5 expression in
the nucleus of hyperuricemic rats compared with control or
allopurinol treated animals (Fig. 5I).

In summary, our data support the hypothesis presented in
Fig. 6. Sugar, either as sucrose or high-fructose corn syrup, con-
sists of a combination of glucose and fructose. Under nor-
mouricemic conditions (Fig. 64), glucose is metabolized pri-
marily through glycolysis for ATP production. Fructose is
metabolized via the fructokinase/KHK for energy storage as fat
while producing low amounts of oxidative stress. However,
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under high—uric acid conditions (Fig. 6B), AR expression is
up-regulated by NFAT5. thus shifting glucose fate from glycol-
ysis to endogenous fructose production and metabolism.
Reduced glycolysis results in impaired ATP homeostasis, lower
ATP levels, and uric acid/oxidative stress production. Uric acid
also up-regulates KHK and fructose metabolism through the
activation of the transcription factor ChREBP (22). In turn,
increased fructolysis from uric acid-dependent endogenous
fructose production results in marked fat accumulation, greater
oxidative stress, and more uric acid accumulation, thus ampli-
tying this vicious cycle.

Discussion

NAFLD is an important cause of liver disease and is strongly
associated both with intake of sugary beverages (1-4, 7, 39 —44)
and with hyperuricemia (1, 2, 12—14, 45-51). Several studies
suggest that the fructose component of added sugars may have
an important role in mediating fatty liver (4, 42) and that this is
mediated in part because of the generation of uric acid that
occurs during fructose metabolism (9, 10, 22). Although dietary
fructose constitutes a major source of fructose in the diet,
recently the role of endogenously produced fructose has been
shown to have a role in the fatty liver induced by high-glycemic
and high-salt diets (15, 16). In humans, fructose can only be
produced via the polyol (AR-SDH) pathway. Here we investi-
gated whether uric acid might influence endogenous fructose
generation via the stimulation of the AR-SDH pathway. Our
primary finding was that uric acid potently increases AR
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promoting fat accumulation and oxidative stress.

expression (mRNA and protein), resulting in endogenous fruc-
tose generation and triglyceride accumulation. We further
show that the mechanism involves uric acid induced intracel-
lular oxidative stress and the induction of NFATS5 (also known
as TonEBP) and that the presence of uric acid could enhance
the production of fructose in response to glucose. In summary,
we identify a key role for uric acid in amplifying the effects of
added sugars to cause fatty liver.

The first major finding was that uric acid could stimulate AR
expression in cultured HepG2 cells (a hepatocyte line), and sim-
ilar documentation was shown in the liver of hyperuricemic rats
(induced with the uricase inhibitor, oxonic acid) (Figs. 1, 2, and
4). This was associated with increased levels of sorbitol and
fructose, documenting activation of the polyol pathway, and
with triglyceride accumulation. Importantly, the activation
of aldose reductase and the polyol pathway seem to be inde-
pendent of any potential hyperosmolar effect because 1
mg/dl of uric acid equals 59 umol/liter, and thus 12 mg/dl is
only 0.7 mmol/KgH,O, which should translate into 0.7
mOsm/KgH,O g.

The important role of uric acid in this pathway was shown in
the HepG2 cells by including probenecid in the medium, which
is known to block urate uptake (52-55), and by the inclusion of
a xanthine oxidase inhibitor (allopurinol) in the in vivo studies,
which would reduce serum and intrahepatic uric acid levels. In
both situations, the induction of AR expression, fructose gen-
eration, and triglyceride accumulation was prevented.

The second major finding was that the mechanism for the
induction of AR was shown to be mediated by uric acid—
induced oxidative stress, with the induction of NFATS5, a
known transcription factor that drives AR expression (23, 24).
Although uric acid functions as an anti-oxidant extracellularly
(56), multiple studies show uric acid can induce both cytosolic
and mitochondrial oxidative stress via the induction of NADPH
oxidase (9, 45, 55, 57—59) and possibly by direct effects (60, 61).
Oxidative stress also activates NFAT5 and AR expression (31,
32). Hence, these studies show that uric acid can accelerate
fructose generation, similar to the way it also stimulates fruc-
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tose metabolism by inducing the expression of fructokinase
(22). The latter stimulation of fructokinase is via the induction
of a different transcription factor, ChREBP (22).

Thus, these studies are important because they suggest that
uric acid may contribute to the development of fatty liver in
part by its ability to stimulate fructose generation and metabo-
lism. This leads to the final key observation, which is that an
elevated uric acid could potentiate the effects of high glucose to
stimulate the AR pathway, resulting in augmented triglyceride
accumulation. Thus, uric acid may be viewed as an amplifying
pathway that may increase the biologic effects of glucose, high-
salt diet, and fructose to stimulate fatty liver.

A limitation of our study is that the studies only involved cell
culture and experimental animals. It will be important to deter-
mine whether lowering uric acid in humans can either prevent
or improve fatty liver. Indeed, there is some tantalizing evi-
dence that reducing either fructose intake (44) or lowering uric
acid (62, 63) may have potential benefits on fatty liver. More-
over, both uric acid concentrations and fructose intake were
independently associated with NASH in obese children and
adolescents with NAFLD, suggesting that hyperuricemia is an
aggravating factor for chronic hepatic disease (5).

In summary, we demonstrate that the relationship between
fructose and uric acid is complex; although fructose metabo-
lism generates uric acid, in turn uric acid can act as an amplify-
ing pathway to stimulate upstream enzymes such as AR to gen-
erate more fructose and fructokinase to metabolize it. Hence,
uric acid likely has an important role in driving NAFLD. We
recommend placebo-controlled clinical trials to determine
whether lowering uric acid can help reduce the development of
NAFLD in high-risk individuals.

Experimental procedures
Materials

Cell culture medium (RPMI 1640), fetal calf serum, and anti-
biotics were from Gibco. Rabbit polyclonal antibody to KHK
(HPA00740) was purchased from Sigma, and antibodies to
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Actin (4970) and CREB (9197) were from Cell Signaling Tech-
nologies, whereas the antibody to SDH (NB100-1486) was from
Novus. Tubulin antibody was obtained from Santa Cruz Bio-
technologies (sc-5274). Antibody to AR was a kind gift from Dr.
Mark Petrash (University of Colorado), whereas antibody
against NFAT5 was obtained from Dr. Moo Kwon (University
of Maryland). Secondary antibodies conjugated with horserad-
ish peroxidase were from Cell Signaling, and those conjugated
with Alexa dyes were purchased from Molecular Probes
(Eugene, OR). Glucose, uric acid, actinomycin D, and allopuri-
nol were purchased from Sigma, whereas probenecid was
obtained from Molecular Probes. Before using, uric acid solu-
tions were ensured to be free of endotoxins. Also, no crystal
formation in the medium was ensured by observing the solu-
tion microscopically under polarized light.

Determination of intracellular, intrahepatic, and serum uric
acid and triglycerides

Cell lysates obtained with mitogen-activated protein kinase
lysis buffer as well as serum collected from 8-h fasting rats were
analyzed using a VetAce autoanalyzer (Alfa Wassermann, West
Caldwell, NJ) as previously described (26). For triglyceride
determination in cells, fat was solubilized by homogenization in
1 of ml solution containing 5% Nonidet P-40 in water, and
slowly samples were exposed to 80-100 °C in a water bath for
2-5 min until the Nonidet P-40 became cloudy and then cooled
down to room temperature. The samples were then centrifuged
for 2 min to remove any insoluble material. Triglyceride deter-
mination with the VetAce autoanalyzer consisted in their initial
breakdown into fatty acids and glycerol. Glycerol is then oxi-
dized to generate a product that reacts with the probe to gen-
erate color at 570 nm. Similarly, uric acid determination is
based in the conversion of uric acid to allantoin, H,O,, and
carbon dioxide by uricase. The H,O, is then determined by its
reaction with the probe to generate color at ~571 nm. Values
obtained were normalized per mg of soluble protein in the
lysates. Because rat livers contained endogenous uricase, intra-
hepatic uric acid in liver samples were analyzed employing the
quantichrom uric acid determination kit (Bioassay Systems,
Hayward, CA), which is a non—uricase-based system.

Determination of polyol pathway activity

Intracellular sorbitol, fructose, and TBARS levels were deter-
mined biochemically following manufacturer’s protocol
(Bioassay Systems ESBT-100, EFRU-100, and DTBA-100,
respectively). For sorbitol determination, samples were
deproteinized to remove endogenous SDH using 10K Spin
columns (Biovision).

Silencing AR expression in HepG2 cells

AR expression was deleted by transducing HepG2 with len-
tiviral particles containing small hairpin RNA sequences
against AR mRNA. Lentiviral particles were obtained from
Santa Cruz Biotechnologies (sc-37119-v). After transduction,
Hep@G2 cells were selected with puromycin (10 ug/ml) for gen-
erating stable clones. Data are presented from three different
clones.
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Luciferase reporter assay

Two different luciferase reporter constructs were engineered
from the first 2 kb (pGL3-AR) and 950 bp (pGL3-ARATonE) 5’
upstream of the first exon of human akr1b3, which were cloned
before the luciferase cassette of the pGL3-Luc vector (Pro-
mega). The luciferase activity was measured in HeLa cells using
the Luciferase assay system (Promega, Madison, W1I) according
to the manufacturer’s instructions. Briefly, cells in 6-well plates
grown to 50% confluence were transiently transfected with
each construct and a B-galactosidase reporter (used for normal-
izing the transfection efficiency). Replicates were incubated
either with 4 or 12 mg/dl of uric acid for 24 h. The cells were
then lysed directly in luciferase reporter lysis buffer (Promega).
Supernatants from cell lysates were mixed with luciferase sub-
strate and measured immediately with a Luminoskan Ascent
DCReady luminometer (Labsystems). All transfection experi-
ments were performed in triplicate. Luciferase activity was nor-
malized to B-galactosidase expression.

Confocal fluorescence microscopy

HepG2 cells expressing were grown to confluency on 8-well
glass slides (catalog no. 177402, NUNC, Thermo Fisher Scien-
tific), fixed for 2 min at —20 °C with methanol, and permeabi-
lized at room temperature with PBS containing 0.3% Triton
X-100 before staining with an NFATS5 antibody (from Dr. Moo
Kwon, University of Maryland). For nucleus identification,
4',6'-diamino-2-phenylindole staining was used in combina-
tion with a fluorescence fading retardant (Vector Laboratories,
Burmingdale, CA) before imaging by confocal microscopy.
Immunostained preparations were imaged and analyzed using
a laser-scanning confocal microscope (LSM510, Carl Zeiss,
Thornwood, NY) with a 40X water immersion objective and
the corresponding postacquisition software.

Protein extraction and Western blotting

Protein lysates were prepared from confluent cell cultures
and rat tissue employing mitogen-activated protein kinase lysis
buffer as previously described (26). Sample protein content was
determined by the BCA protein assay (Pierce). 50 ug of total
protein was loaded per lane for SDS-PAGE (10% w/v) analysis
and then transferred to PVDF membranes. The membranes
were incubated with primary antibodies and visualized using a
horseradish peroxidase secondary antibody and the horserad-
ish peroxidase Immunstar® detection kit (Bio-Rad). Chemilu-
minescence was recorded with an Image Station 440CF, and the
results were analyzed with 1D Image software (Kodak Digital
Science, Rochester, NY).

Nuclear isolation from HepG2 cells

The nuclei were purified with the NE-PER kit from Pierce
following the manufacturer’s protocol. Quantization of nuclear
protein was performed by the BCA assay. CREB and proliferat-
ing cell nuclear antigen expression was employed for equally
nuclear loading control by Western blotting analysis.

Animal model

All experiments were conducted with adherence to the
National Institutes of Health Guide for the Care and Use of
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Laboratory Animals. The animal protocol was approved by the
Animal Care and Use Committee of the University of Colorado.
Hyperuricemia was induced in male Wistar rats (230 —250 g) by
administering the uricase inhibitor oxonic acid (750 mg/kg/
day, by gastric gavage, n = 6) during 2 weeks. Allopurinol was
added to oxonic acid-receiving rats to prevent the rise in uric
acid (150 mg/liter, oxonic acid + allopurinol, n = 7). Also, a
Control group which received oxonic acid vehicle (1% hydroxy-
ethyl cellulose by gavage n = 7) was also included.

At the end of the 2 weeks, the rats were euthanized by isoflu-
rane anesthesia and abdominal aortae exsanguination. The
liver was washed by perfusion with cold PBS, and the median
liver lobe was excised and frozen in liquid nitrogen in frag-
ments. Plasma aliquots and liver tissue were stored at —80 °C
until further processing.
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